Abstract. Epidermal growth factor receptor (EGFR) gene amplification and the overexpression of EGFR are described as common features of glioblastoma multiforme (GBM). Nevertheless, we previously reported the loss of EGFR gene copy in a GBM specimen from a patient with an unusually favorable course of the disease, and the HGG-02 cell line with this aberration was successfully derived from this tumor. Here, we present a detailed analysis of changes in gene expression and cell signaling in the HGG-02 cell line; the GM7 reference cell line with a standard EGFR gene copy number derived from a very aggressive GBM was used as a control. We confirmed the downregulation of EGFR expression and signaling in HGG-02 cells using different methods (RTK analysis, gene profiling and RT-PCR). Other changes that may have contributed to the non-aggressive phenotype of the primary tumor were identified, including the downregulated phosphorylation of the Axl and Trk receptors, as well as increased activity of JNK and p38 kinases. Notably, differences in PDGF signaling were detected in both of these cell lines; HGG-02 cells preferentially expressed and signaled through PDGFRα, and PDGFRβ was strongly overexpressed and phosphorylated in the GM7 reference cell line. Using expression profiling of cancer-related genes, we revealed the specific profile of HGG-02 cells that included upregulated tumor-suppressors as well as downregulated genes associated with the extracellular matrix. This study represents the first comprehensive analysis of gene expression and cell signaling in glioblastoma cells with lower EGFR gene
Introduction
The epidermal growth factor receptor (EGFR) is a member of the EGFR receptor tyrosine kinase (RTK) family, together with ErB2/Neu/HER2, Erb3/HER3 and ErbB4/HER4 (1) . Activating ligands of these receptors include epidermal growth factor (EGF), transforming growth factor α (TGF-α), epiregulin, neuregulins and amphiregulin. Binding of the ligands to the extracellular domain of EGFR RTKs causes the formation of homodimers or heterodimers, cross-activation of tyrosine kinase domains and autophosphorylation. These events result in the stimulation of intracellular signaling cascades, including the phosphatidylinositol-3 kinase (PI3K)/Akt and mitogen-activated protein kinase (MAPK) cascades. Although EGFR signaling is essential for normal tissue development and homeostasis, the abnormal activity of EGFR RTK members plays a key role in tumor initiation and progression (2) .
Glioblastoma multiforme (GBM) is the most frequent and malignant neoplasm of the human nervous system. Despite current therapies, the prognosis for patients with GBMs remains poor, with a median survival time that ranges from 8.8 months (patients <50 years of age) to 1.8 months (patients >80 years of age) (3, 4) . EGFR gene amplification and EGFR overexpression are common features of GBM; however, they are rare in low-grade gliomas, which suggests a causal role of aberrant EGFR signaling in the pathogenesis of GBM (5) . The amplification of EGFR is present in 35-70% of cases, typically in primary de novo GBM (4, 6, 7) .
In our previous study, we reported the unusual loss of EGFR gene copy in GBM obtained from a patient with an unusually favorable course of the disease who experienced a survival of 5.5 years between diagnosis and death (8) . Here, we present further detailed analysis of the HGG-02 cell line derived from this tumor when compared with the GM7 reference cell line that contains a standard EGFR gene copy number (9) .
Materials and methods
Cell lines and cell culture. The HGG-02 (8) and GM7 (9) established glioblastoma cell lines were used in the present study. Cell cultures were maintained in DMEM supplemented with 20% fetal calf serum, 2 mM glutamine and antibiotics (100 IU/ml of penicillin and 100 µg/ml of streptomycin) ( and GAPDH were used as described in Table I .
Phospho-RTK array analysis. The Human Phospho-RTK Array kit (R&D Systems, Minneapolis, MN, USA) was used to determine the relative levels of tyrosine phosphorylation of 42 distinct RTKs according to the manufacturer's protocol. The arrays were incubated with 450 µg of protein lysate. The levels of phosphorylation were quantified using ImageJ software and normalized to phosphotyrosine positive-control spots.
Phospho-MAPK array analysis. For the detection of the phosphorylation status of MAPKs and other serine/threonine kinases, the Human Phospho-MAPK Array kit (R&D Systems) was used according to the manufacturer's protocol, and 250 µg of protein lysate was used for each array. The arrays were analyzed using ImageJ software, and the levels of phosphorylation were normalized to positive control spots.
Expression profiling. Total RNA was extracted with the GenElute™ Mammalian Total RNA Miniprep kit, and the samples were assessed spectrophotometrically. Purified biotin-labeled cRNA was generated using the Oligo GEArray ® Reagent kit and was hybridized to the OHS-802 Oligo GEArray ® Human Cancer Microarray, which profiles 440 genes related to cancer, in accordance with the manufacturer's instructions (SABiosciences, Frederick, MD, USA). The GEArray Expression Analysis Suite software (SABiosciences) was used for data analyses.
Results
EGFR and EGFRvIII mRNA status. As our previous findings suggested that the loss of the EGFR gene copy may have contributed to the unusually prolonged survival in a GBM patient (8), we continued a study of this case with a more detailed analysis of EGFR expression and dysregulation of cell signaling pathways in HGG-02 cells derived from the corresponding primary tumor tissue. Using RT-PCR, we assessed the EGFR status at the mRNA level in the HGG-02 and GM7 cell lines. HGG-02 cells showed significantly (2.24-fold) lower expression of EGFR when compared to the GM7 cells derived from a glioblastoma with a standard EGFR gene copy number. Relative expression levels of EGFR in HGG-02 and GM7 were 0.38 and 0.85, respectively (Fig. 1) . Furthermore, we examined the presence of the most common mutant form of EGFR, i.e., EGFRvIII. HGG-02 and GM7 cells did not express Table I . Primer sequences used for RT-PCR.
Gene symbol the EGFRvIII variant (data not shown). These results support the hypothesis that the decreased EGFR mRNA expression in HGG-02 cells was caused by the lower EGFR gene dosage.
RTK signaling.
As EGFR-downstream pathways may be activated and modulated by other RTKs aside from EGFR family receptors, we performed human phospho-RTK arrays to explore the phosphorylation status of 42 RTKs in the HGG-02 cells ( Fig. 2A) . Consistent with our previous data, we detected lower levels of phosphorylated EGFR in the HGG-02 cell line, which was in contrast with the GM7 cells (Fig. 2B ). However, HGG-02 cells showed higher levels of ErbB2 and ErbB3 Figure 1 . Expression status of EGFR in the HGG-02 and GM7 cell lines detected using semi-quantitative RT-PCR. Reduced expression of EGFR in HGG-02 cells was observed. The expression levels of EGFR were quantified with ImageJ software and normalized to the expression of the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Each sample was loaded in duplicate; EGFR/GAPDH ratios are noted. The A431 cell line served as the positive control; the GM7 cell line was derived from a glioblastoma with a standard EGFR gene copy number. EGFR, epidermal growth factor receptor. activation. ErbB4, another receptor of the EGFR family, did not show a significant difference in the phosphorylation state between these two cell lines. In addition, we identified the downregulation of the phosphorylation of the PDGFRβ, Axl, VEGFR3 and insulin receptors as well as the upregulation of the phosphorylation of PDGFRα, MET, RON, Mer, TrkA, TrkB and TrkC in the HGG-02 cells (Fig. 2B) .
To eliminate the influence of serum (which contains growth factors, hormones and other components) on the phosphorylation status of RTKs, we performed phospho-RTK arrays simultaneously using the cell lines after a 24-h serumfree cultivation. Notably, the serum-free conditions did not markedly change the phosphorylation status in the HGG-02 and GM7 cells; however, the overall level of phosphorylation was higher when compared to the serum-containing conditions (Fig. 2C ). In the serum-free conditions, increased upregulation of Mer, ErbB2 and ErbB3 as well as downregulation of Axl were detected.
Signaling of MAPK and other serine/threonine kinases.
To examine RTK downstream pathways activated in the HGG-02 cells, we employed phospho-MAPK arrays. We also performed the phospho-MAPK arrays on cells cultivated under serum-containing and serum-free conditions, as described above. An Akt pan-specific antibody revealed an overall diminished level of signaling through the Akt pathway in the HGG-02 cells when compared to the GM7 cells in the serum-containing and serum-free conditions (Fig. 3) . However, differences in the phosphorylation levels of Akt1, Akt2 and Akt3 kinases were observed. Akt1 was more phosphorylated in the HGG-02 cells in the serum-containing but not in the serum-free conditions, whereas the levels of Akt2 and Akt3 phosphorylation were decreased regardless of the conditions. In addition, we detected an upregulation of signaling through the p38 pathway, JNK pathway and MSK2 in the HGG-02 cells. ERK1 and ERK2 signaling was also slightly elevated in the HGG-02 cells but only under the serum-containing conditions (Fig. 3A) .
Expression of the EGFR and PDGFR families and their ligands.
The results of the phospho-RTK arrays obtained under serum-free conditions indicated the presence of constitutively active receptor tyrosine-kinase pathways in the HGG-02 and GM7 cell lines. To investigate this possibility, we performed RT-PCR of the receptors in the EGFR and PDGFR families and their respective ligands after cultivation of the cells under serum-containing and serum-free conditions (Fig. 4) .
As expected, expression of EGFR was decreased in the HGG-02 cells and did not significantly vary with time or under serum-free conditions. Although there was no difference in the expression of ErbB2, ErbB3 expression was higher under serum-free conditions and increased with time in both cell lines. ErbB4 expression was detected in the HGG-02 cells only and was stronger in the serum-free conditions. These patterns of expression were observable for its ligand NRG-2 and for the ErbB3-specific ligand NGC. In contrast to the low levels of EGFR mRNA, strong expression of the EGFR-specific ligand TGF-α was observed in the HGG-02 cells but not in the GM7 cells. EGF, the second EGFRspecific ligand, was also upregulated in the HGG-02 cells. Nevertheless, after 72 h of cultivation, the expression of EGF did not differ between cell lines and was higher in the serumfree conditions. Finally, the expression of NRG-1 increased in the HGG-02 cells after 72 h of cultivation, and EREG was not expressed in any of the samples.
We observed an apparent downregulation of PDGFRβ in the HGG-02 cells. In contrast, the expression of PDGFRα was slightly increased when compared with that in the GM7 cells. However, there were no obvious trends in the expression of the ligands for these receptors, including PDGFA and PDGFB.
Cancer-related gene expression. Gene expression profiling affirmed a decrease in EGFR expression at the mRNA level in the HGG-02 cells. Out of the 440 investigated genes, the HGG-02 expression profile revealed the upregulation of 108 genes (FC of 2-38.8) and downregulation of 10 genes (FC of 0.2-0.44) in comparison with the GM7 cells. Functional clustering showed that most of the upregulated genes are involved in the cell cycle, signaling pathways induced by growth factors, focal adhesions and apoptosis (Table II) . The downregulated genes encode proteins responsible for organizing the extracellular matrix (ECM) or interacting with the ECM.
The 17 genes that were upregulated in the HGG-02 cells more than 5-fold were CDKN2A, TFAP2C, IGFBP3, CDKN2B, FRZB, SRPX and Siva1. The downregulated genes included COL6A3, COL1A1, DCN, FN1, FBN1 and GDF15.
Discussion
Despite many advances in the treatment of GBM, the outcomes of patients with this tumor remain poor. Previously, we reported the case of a patient with GBM with a mild clinical course and a loss of EGFR gene copy (8) . As both of these aspects are uncommon in GBMs, we performed a detailed analysis of the HGG-02 cell line that was derived from this patient's tumor to understand the cancer regulatory pathways that may have contributed to the favorable clinical course in this case. As control cells, the reference GM7 cell line that was derived from a highly aggressive tumor type and showed a standard EGFR gene copy number (9) was used.
Using RT-PCR, a phospho-RTK array and expression profiling, we confirmed the downregulation of EGFR expression and signaling in HGG-02 cells. However, this downregulated signaling did not affect the downstream MAPKs, ERK1 or ERK2 and was possibly compensated for by the activation of the ErbB2 and ErbB3 receptors. These results are in agreement with another study that recently reported the compensatory activation of ErbB2 and ErbB3 receptors in GBM deprived of EGFR signaling, which suggests an intrinsic mechanism of GBM resistance to EGFR-targeted therapy (10) . RT-PCR analysis revealed weak but detectable ErbB4 expression in the HGG-02 cells, while ErbB4 expression was not detected in the GM7 reference cell line. In contrast, the ErbB4 phosphorylation status was the same in these two cell lines, and we assume that this discrepancy may point to the previously questioned correlation of RNA and protein levels (11) . However, the RT-PCR results of EGFR family-related ligands showed a strong elevation in TGF-α, which was accompanied by an increased expression of EGF in the HGG-02 cells. Previous studies have suggested that EGFR and its ligands EGF and TGF-α play an important role in the autocrine/paracrine loop and support cell proliferation in human gliomas (12, 13) . Nevertheless, considering that the HGG-02 cells acquired the loss of EGFR gene copy and the phospho-RTK array revealed a downregulation in EGFR signaling, we assume that the HGG-02 cells and the respective tumor do not represent EGFR-driven GBM.
Apart from the EGFR family, we identified changes in the phosphorylation of 11 other RTKs, including Axl. The phosphorylation of Axl was significantly reduced in comparison with the GM7 cells. This reduction was even more obvious under serum-free conditions, which suggests the constitutive activation of Axl in the GM7 reference cell line. Previous studies have found that Axl is constitutively phosphorylated in many glioma cell lines and that the downstream MAPK and PI3K pathways are activated (14) . Moreover, Axl overexpression has been reported as a frequent event in human gliomas and is correlated with a poor prognosis in these patients (15) . Therefore, the downregulation of Axl phosphorylation in HGG-02 cells may indicate a less aggressive phenotype of the respective tumor. Nevertheless, in the HGG-02 cells, we detected an upregulation of signaling through Mer, another member of the TAM family of RTKs (16) . Recently, 2 independent studies demonstrated that Mer promotes invasion, Figure 4 . Expression of the receptors of the EGFR and the PDGFR families and their respective ligands using RT-PCR. The expression was analyzed after a 24-and 72-h culture in serum-containing and serum-free conditions. The housekeeping gene HSP90AB1 served as a control. SC, serum-containing conditions; SF, serum-free conditions. protects cells from apoptosis in GBM and has a similar function to Axl (17, 18) . However, the reduction in Axl phosphorylation in the HGG-02 cells was ~2-fold greater than Mer upregulation. Overall, these results suggest that Axl and Mer play an important role in the aggressiveness of GBM and emphasize the need for further research of the TAM receptor tyrosine kinases in GBM.
Recently, it has been observed that MET, an HGF receptor, is activated during EGFR-targeted therapy resistance, and various studies have suggested that silencing EGFR is compensated by MET signaling in these cases (19) . In accordance with these observations, we detected an upregulation of signaling through MET in the HGG-02 cells, which may partially compensate for the downregulation of EGFR signaling caused by the loss of EGFR gene copy. MET overexpression has been associated with a shorter survival time and poor response (20) , and it has been suggested that MET activation is required for the acquisition of the glioblastoma cancer stem cell phenotype (21) . Furthermore, upregulated phosphorylation of RON, the MSP receptor, may indicate another compensatory mechanism in HGG-02 cells. Eckerich et al reported that although RON signaling showed no mitogenic effect on GBM cells, it can induce glioma cell migration (22) . However, these findings are in contrast with the unusually non-aggressive phenotype of the HGG-02 tumor, and we hypothesize that the activation of MET and RON signaling is not strong enough to overcome the loss of EGFR gene copy number in this case.
Nevertheless, HGG-02 cells exhibited increased phosphorylation of Trk receptors. It is well established that Trk receptors support the survival and differentiation of the nervous system; however, there is growing evidence that the Trk family can also induce or enhance cell death in certain tumor types, primarily in pediatric tumors of neural origin (23) . It has been shown that expression of TrkA and TrkC correlates with a favorable outcome in neuroblastoma and medulloblastoma patients. In GBM, immunoreactivity for TrkA was shown to be inversely associated with the grade of malignancy (24) . Moreover, TrkA overexpression was found to induce autophagic cell death that was mediated through the JNK pathway (25, 26) . Therefore, we hypothesized that elevated signaling through Trk receptors and JNK MAPKs in HGG-02 cells contributed to the nonaggressive phenotype of the primary tumor.
Notably, we also detected an apparent difference in PDGF signaling in both of the cell lines studied. Whereas HGG-02 cells preferentially signaled through PDGFRα, PDGFRβ was strongly phosphorylated in the GM7 reference cell line. Moreover, these results, which were obtained using the phospho-RTK array, corresponded with the results obtained by RT-PCR. Using RT-PCR, we detected PDGFRβ overexpression in the GM7 cells, whereas PDGFRα was overexpressed in the HGG-02 cells. Expression of PDGFs and PDGFRs has been observed even in low-grade gliomas, which suggests that this pathway possibly represents an early oncogenic event in gliomagenesis (27, 28) . According to previous studies, PDGFRα is overexpressed in GBM cells, whereas PDGFRβ is detected in adjacent vascular cells (27) . However, a recent study interrogated the proposed role of PDGFRs in intratumoral GBM heterogeneity (29) . Kim et al found that expression of PDGFRβ, but not PDGFRα, was strongly associated with the glioblastoma stem cell (GSC) phenotype. Moreover, targeting PDGFRβ decreased GSC self-renewal, survival, tumor growth and invasion. Using in silico survival analysis, the authors noted that PDGFRβ indicated a poor prognosis, whereas PDGFRα was a positive prognostic marker. Together, these data support our observation in HGG-02 cells. Higher expression and signaling activity of PDGFRα, instead of PDGFRβ, may indicate the presence of a limited number of GSCs in the HGG-02 cell line when compared with the GM7 reference cell line derived from an aggressive tumor type. While our data stress the importance of PDGF signaling in GBM with respect to the distinct effects of PDGFRα and PDGFRβ in gliomagenesis, we strongly encourage further research of these RTKs in GBM biology. We identified increased signaling through the p38 and JNK pathways in HGG-02 cells. It is known that p38 kinase activation is associated with anti-proliferative functions and plays a role in the induction of apoptosis (30) . Moreover, recent studies have shown that p38 kinase activation is necessary for GBM cell death initiated by various anticancer agents (31) (32) (33) . Furthermore, we detected increased signaling through the JNK kinases, which are also involved in apoptosis, and their activation is required for UV-induced apoptosis (30, 34) . As previously noted, the JNK pathway can also mediate TrkA-induced autophagic cell death (25, 26) . Overall, the increased activation of the p38 and JNK pathways, with regard to anti-proliferative and apoptotic functions, may represent the less aggressive characteristics of the HGG-02 cell line.
Although gene expression profiling detected changes in the expression of 118 genes, analysis of the most upregulated and downregulated genes in the HGG-02 cells revealed a specific expression profile of HGG-02 cells that may reflect the nonaggressive phenotype of this tumor. Seven of the 17 highly upregulated genes in the HGG-02 cells represent well accepted or potential tumor suppressors, including CDKN2A (35, 36) , TFAP2C (37), IGFBP3 (38) , CDKN2B (36), FRZB (39), SRPX (40) and Siva1 (41) . However, the downregulated genes involved genes associated with the ECM, including COL6A3, COL1A1, DCN, FN1 and FBN1. These genes have been proposed to play an important role in controlling and facilitating the motility of glioma cells (42) . For example, COL6A3 was found to correlate with glioma grade (43) . Apart from the ECM-related genes, we detected significantly lower expression of GDF15 in the HGG-02 cells. Recent studies revealed that GDF15 contributes to the proliferation and immune escape of malignant gliomas (44, 45) . This finding is in agreement with its low expression in the HGG-02 cell line that was derived from the unusually non-aggressive GBM.
In conclusion, the detailed analysis of the HGG-02 cell line confirmed the unusually reduced EGFR signaling and indicated several other targets that may contribute to the non-aggressive phenotype of the respective tumor. As suggested by our results, TAM receptors, Trk receptors and PDGFRs need to be further investigated since these proteins may play an important role in GBM biology, gliomagenesis and patient outcome.
